OUTLINE
Sources & EM emissivity: Rates
Modelling the evolving system:
3D hydro
3D viscous hydro
Fluctuating initial states

How are the photon vyields

BCFTSChFCST dependent on the dynamics?

Is it the same for dileptons?

TN Status of our understanding of the
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Sources of photons
1n a relativistic nuclear collision:

Hard direct photons. pQCD with shadowing
Non-thermal

Fragmentation photons. pQCD with shadowing
Non-thermal

Thermal photons

Thermal Thermal
Jet in-medium bremsstrahlung
Thermal
Charles Gale

%

Jet-plasma photons

3
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INFO CARRIED BY THE RADIATION
AR = gﬂ" d3k 1 26_,3[(1.2(277:)45(19‘_1? —k)
20 (2r)’ Z~ - S
XU XL, 1))

Thermal ensemble average of the current-current correlator

Emission rates:

d R g™’ 1

ImHR , k hotons
d°R 2¢" 1 1
EE ——= -— L ImHR (o, k) (dileptons)
dpdp (2r) k Y —1
McLerran, Toimela (85), Weldon (90), Gale, Kapusta (91) 4
{ 5 Charles Gale <o,

. 1 Tl
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Thermal Photons from hot QCD: HTL program (Klimov
(1981), Weldon (1982), Braaten & Pisarski (1990);
Frenkel & Taylor (1990))

/ o[ \ Kapusta, Lichard,
ImIT, ~In Seibert (1991)
: * | Baier, Nakk
(m (~ gT )) aler, Nakkagawa,
\ \ " th | Niegawa, Redlich (1992)

Going to two loops: Aurenche, Kobes, Gelis, Petitgirard (1996)
Aurenche, Gelis, Kobes, Zaraket (1998)

A Y e B

o-linear singularities: (XS — |~ A

/\\ s \mth/

l 11

2001: Results complete at O(OCS)

Arnold, Moore, and Yaffe JHEP 12, 009 (2001); JHEP 11, 057 (2001)
Incorporate LPM; Inclusive treatment of collinear enhancement, 5
photon and gluon emission

S Charles Gale e
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Are these rates final?

* Approach 1s LO, but
o, ~02-0.3

* Integral equation can be
written in terms of a single-
ogluon scattering kernel:

To’m
NLO: ses st W) 0g (g ) =8 T NLO
% é@ =(¢%,q7,91) = (4T, ¢°T, ¢T) dr (QT + mD)
Aurenche, Gélis, Zaraket (2002)

Simon Caron-Huot PRD (2010)

6
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- Y-
Larger angle emission

=

% Q=(g",q,q))= (9T, gT, g7T)

. K K
Conversion photons >

R,,~g In(l/g)+g’

! 1 I I I I I I

2.5 | N=3

a=0.30 . .
5| NLO/LO | * Net correction to emission rate not
uncort. est. numerically important in region up to
Q15 k/T ~10
o /‘\  Techniques developed here will have other
Zz 1 applications in FTFT
0.5
0 ! 1 ] 1 1

J.Ghiglier1,J.Hong,A Kurkela,E.Lu,G.D.Moore,D.Teaney

2 4 6 8 10 12 14 16 18 20
(2012)

K/T
7
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- Y-
Larger angle emission
% Q=(¢",97,q,) = (4T, 9T, gT)

Conversion photons >

R,,~g In(l/g)+g’

! 1 I I I I I I

2.5 | 1
0=0.30 e
ol NLO/LO | * Net correction to emission rate not
Uncert. est. numerically important in region up to
Qis! k/T ~10
o /‘\  Techniques developed here will have other
Zz 1 applications in FTFT
0.5
O ! 1 ] 1 1

J.Ghiglier1,J.Hong,A Kurkela,E.Lu,G.D.Moore,D.Teaney

2 4 6 8 10 12 14 16 18 20
(2012)

/T
7

il N
: Mok o Charles Gale e

.
Ay 1

"'le

Saturday, 8 eptember, 12




ELECTROMAGNETIC RADIATION FROM HADRONS

Chiral, Massive Yang-Mills:
O. Kaymakcalan, S. Rajeev, J. Schechter, PRD 30, 594 (1984)

L :ép;f Tr D ,UD'U’ +%Ef TrM(U+U")

1 L roLuv R o Ruv 2 L 4L R 4R
—ETr(FwF Y 4 ESFR Ymg Tr (A A™ + 47 4™)

+ non-minimal terms

Parameters and form factors are constrained by
hadronic phenomenology:

‘Masses & strong decay widths
*Electromagnetic decay widths

*Other hadronic observables:

reg. a1 — wp D/S  (Seealso, Lichard and Vojik, Nucl. Phys. (2010);
Lichard and Juran, PRD (2008)) 3

EM emaissivities computed: Turbide, Rapp, Gale, PRC (2004); —

Turbide, McGill PhD (2006) Charles Gale v«

) s

Satrday, 8 September, 12



APPLYING THIS TO INTERPRET PHOTONS MEASURED @ RHIC:
RATES ARE INTEGRATED USING RELATIVISTIC HYDRODYNAMIC

MODELING
1005 ' ' |
= Au+Au at RHIC :
10 é
> .
0) _
S g
> .
FU a
= |
Q. s
(@\| .
= : ey
=104 - — - jet-QGP ==
% 10 o HG \:
L« — . prompt
10'55— — = Thermal QGP E
= PHENIX
-6 | | |
10 4 2 3

P [GeV]

Turbide, Gale, Frodermann, Heinz, PRC (2008);
Higher pr: G. Qin et al., PRC (2009)

e

. '~
: 2o,

At low pr, spectrum
dominated by thermal
components (HG,

QGP)

At high pr, spectrum
dominated by pQCD

Window for jet-QPG

contributions at mid-
PT

9

A
"
L
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ONE OF THE USES OF PHOTONS: CHARACTERIZING THE HOT

MATTER CREATED AT RHIC

o,

AuAu Min. Bias x10*

AuAu 0-20% x10?

AuAu 20-40% x10
p+p

Turbide et al. PRC69

1

e

4

5 6

7

PHENIX, PRL 104 (2010) Py (GeV/c)

I

€XCECSS

=221£19+19MeV

Charles Gale
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ONE OF THE USES OF PHOTONS: CHARACTERIZING THE HOT
MATTER CREATED AT RHIC

—~ 10E b
8] — \
> E o Thermal Photons in Au+Au atys,, = 200 GeV _
8 RY * DATA 0-20% Texcess — 22 1 i 1 9 i 1 9 MGV
o § ;f."\‘ | --- D. d'Enterria & D. Peressounko: T, = 590 MeV,1, = 0.15 fm/c
L = ‘\‘_""‘.:\ vvvvvv S. Rasanen etal.: T, = 580 MeV.t, = 0.17 fm/c
mo_ E "\“‘."“ -.- D. K. Srivastava: T, = 450-600 MeV,1,=0.2 fm/c
0 i ‘x—f}\ -~ S. Turbide et al.: T, = 370 MeV,t, = 0.33 fm/c < 800f :
zZ i . - ® D. d’Enterria & D. Peressounko
"O A Vi, - F.M. Liuetal.: T, = 370 MeV,t, = 0.6 fm/c + LO pQCD = E m s R |
u.|10 g \ ‘\}» -~ J. Alam etal.: T, = 300 MeV,, = 0.5 fmic 5 700F A - Rasanen et al.
N N\ "o§ — W. Vogelsang: Prompty NLOpQCD x T, (0-20%) = - DK Srivasiava st al.
i \ 600~ on | S. Turbide et al.
2L - A * F. Liu et al.
10 E 500 = l a7 J.Alametal.
- 400~ N
107 = 300/ it
- 200
104 E 100
E : 1 1 1 1 l 1 1 1 1 I 1 1 1 1 l 1 1 1 1 l L L I I l 1 1 1 1 l 1 1 1 1
- 00 0.1 0.2 0.3 0.4 0.5 0.6 0.7
5 1, (fmic)
107 F
10_5||1||||||||||||||||||||}||J|||||||
0 1 2 3 4 5 6 7
P, (GeV/c)
D’Enteria & Peressounko, Eur. Phys J. (2006)
F P~ M I N Dl e DTSR, NI oy e S 5 ZS7e= i gt oy Ao S oo 2 e e 10
. ! Knowmg rates alone is not enough to guarantee i o
g I predictive power or even characterization ability jharles Gale v
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BEYOND SIMPLE SPECTRA: FLOW AND CORRELATIONS

TR T T T T T T T T T T
05k I Soy =200 GeV Au+Au, 20-40 % i
* Soft photons will go with the flow 1 il | _*_ PHENIX PRELIMINARY )
. . . i ."“ - « == « prompt-frag.
Jet-plasma photons: a negative vo | [ iR $— emaoor i
* Details will matter: flow, T(t). .. =« o, w74 | |
Turbide, Gale, Fries PRL (2006) A I | ]
Low pq: Chatterjee ef al., PRL (2006) 0= ff':'_-'_i_' e T Sy
All py: Turbide et al., PRC (2008) 0.05- 1 __
S N I BN v R TR TR
p; [GeV]
11
Charles Gale @

| "I

n |
Saturday, 8 September, 12




I_
Q
©
I_
Q
>
©
~~
Z
©
B
C\I
~~
Z

3

P
-,

& 1
Saturday, 8 September, 12

PROGRESS IN CHARACTERIZATION TOOL:
3D Viscous RELATIVISTIC HYDRODYNAMIC!

10000 ¢ . : _
: PHENIX®  ~©— | | a
1000 PHENIX K72 B~ |4 =
_ PHENIXp/10 2 | | -
) — ©
100 | _ . : S
! | ©
10 e e Po PO | &
' 1 QN
11 =)
o1l  R% . g
| f"\-’ﬁﬁ,‘g ey,
0.01 ' ' A,
0 0.5 1 1.5 2 2.5
pt [GeV]
MUSIC: 3D relativistic hydro 5
pa
©

Ideal: Schenke, Jeon, and Gale, PRC

(2010)

FIC and Viscous: Schenke, Jeon, Gale,

PRL (2011)

G

Ry 1)
??‘"!»J

Viscosity effects on EM observables?

4 PHENIX 7" 0-5% O
107 PHENIX 77/5 10-15% =5
PHENIX & /25 15-20% +B+
' PHENIX n /150 20-30 % &~
2 . b=2.4 fm I
107 - ey .5 T —
n /25b=6.3fm = e
n /150 b=7.5fm ===
109 ==
-2 | = 0.
10 , ;
Acp , ‘
Bsp, El v,
-4 ‘EA“’“’A.AEE@-@.@EI
10 Y YW
0 0.5 1 1.5 2 2.5 3
GeV
1200 _PriGev] |
PHOBOS 0-6% o
PHOBOS 6-15% v
1000 r PHOBOS 15-25% O
PHOBOS 25-35% o
AuAu-3 (EOS-L)
800 B AUAU-1 (EOS-Q) .............
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10000 | |
- PHENIX©  ~©— | |
= 1000 ¢ ¢ PHENIX K72 B |-
S - PHENIXp/10 2 | |
5 100 : 71',__ S :
g T
Z 10 e :
U 4
B 1 |
Q ____________________ . |
: 01 ~~~~~ 4 2 !!!!"
Dha, e,
0.01 : ' l ~a 3

0 0.5 1 1.5 2 2.5

pr [GeV]

MUSIC: 3D relativistic hydro

Ideal: Schenke, Jeon, and Gale, PRC
(2010)

FIC and Viscous: Schenke, Jeon, Gale,
PRL (2011)

“"“-M |
v
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P
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4 PHENIX 7" 0-5% O
107 PHENIX 77/5 10-15% =5
PHENIX & /25 15-20% +B+
' PHENIX n /150 20-30 % &~
2 . b=2.4 fm I
107 - ey .5 T —
n /25b=6.3fm = e
n /150 b=7.5fm ===
109 ==
-2 | = 0.
10 , ;
Acp , ‘
Bsp, El v,
-4 ‘EA“’“'A.AEE@-@.@EI
10 Y YW
0 0.5 1 1.5 2 2.5 3
GeV
1200 _PriGev] |
PHOBOS 0-6% o
PHOBOS 6-15% v
1000 r PHOBOS 15-25% O
PHOBOS 25-35% o
AuAu-3 (EOS-L)
800 B AUAU-1 (EOS-Q) .............

Viscosity effects on EM observables?
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THE EFFECTS OF SHEAR VISCOSITY ON BULK DYNAMICS

T =€+ Puu” — Pg"

THY — THY L v Israél & Stewart, Ann. Phys. (1979), Baier et al.,
JHEP (2008), Luzum and Romatschke, PRC (2008)

I T
ideal hydro
viscous hydro -----—---

| * Viscous evolution starts
with a lower T

1 T drop 1s slower than 1deal
case

>
v
=
B

0.1 ] ] ] ] ] ] 13
0 2 4 6 8 10 12 14

T - Tg (fm)

Charles Gale ww
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THE EFFECTS OF SHEAR VISCOSITY ON BULK DYNAMICS

T =€+ Puu” — Pg"

THY — THY L v Israél & Stewart, Ann. Phys. (1979), Baier et al.,
1deal JHEP (2008), Luzum and Romatschke, PRC (2008)

d,(su)e<n

I I
ideal hydro
0.5 F viscous hydro =------- i

T (MeV)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

T - Ty (fm)
Charles Gale ww
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THE EFFECTS OF SHEAR VISCOSITY ON THE PHOTON
DISTRIBUTION

In-medium hadrons:

1 1
Jow"p,)=

(2m)" expl(u’p, — )/ T1£1

1
T
Poe+P)T?

R _ & d’ d’p, . , E)f(E,)|1% f(E,
q 2271)’ E, 227) E, 227) E 2(21)

foh+6f. 6f=f0£Q2n) f)p"p’

4

One considers all the reaction and radiative decay channels of external
state combinations of:

{r,K,p,K ,a,}  With hadronic form factors

+ QGP Photons H

A
i i 4
*-:‘-w e
54 Charles Gale e

. M" o[ )
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THE EFFECTS OF SHEAR VISCOSITY ON THE PHOTON
DISTRIBUTION

0
10 ' ' 10! . '
ideal hydro ] ideal hydI'O
viscous hydro without corrections -------- . [ . hvd ithout e mememmeee 1
viscous hydro + viscous correction ===+ 1 100 h VlSCQUS ycro withou COI‘I‘GC’[}OHS
10-) 4 : viscous hydro with corrections -=-=-
107" ¢
N ~
02 Ry N .
oL Ty 3 107
o L @)
s X S
—g-' e N mQ 10— !
5 N =)
s P >
g N «@ 10_4 3
0 E N o
~~~~~~~~~~~~~ m _
~~~~~~~ ''''''''' 10-5 -
o ! \\\:.. o
5 300
. QGP Photons HG Photons
10—6 1 1 1 1 1 1 1 10—7 I 1 1 1 1 I I I
0.5 1 1.5 2 2.5 3 35 4 05 1 15 2 25 3 35 4

pt (GeV)

K. Dusling NPA (2010)
Chaudhuri & Sinha, PRC (2011)

Viscous effects harden

the photon spectrum M. Dion et al., PRC (2011)

15
’, -4 oy s ‘ @
: :;..f‘ Charles Gale e

. i

Saturday, 8 September, 12



C\I]/—\
>
L
&
o

o
e,
~~
Z

o
g
aa

1deal hydro
viscous hydro with corrections

THE NET THERMAL PHOTON YIELD

Viscous corrections make
the spectrum harder,
~100% at pt = 4 GeV.

Increase in the slope of
=15% at pt = 2 GeV.

Extracting the viscosity
from the photon spectra
will be challenging

Once pQCD photons are
included: a few % effect
from viscosity

More work is still needed
to properly include all
photon sources in a

consistent way 0

Charles Gale . -
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SHEAR VISCOSITY AND PHOTON V2

0.006 . . . . : :
0.005 |
0.004 |
0.003 |
>
0002 L 0,035 T T T T T T T
0001 [/ i
/o ideal hydro 0.03
0 -~ viscous hydro without corrections ----------- I
viscous hydro with corrections ------ L
_0001 1 1 1 y 1 1 1 1 0'025
0.5 1 1.5 2 2.5 3 3.5 4
pr (GeV) S 0.02 r
0.18 T T T T T T T
(b) 0.015 f
0.16
0.14 ¢
0.01 :
0.12 f ideal hydro
01 | viscous hydro with corrections ------
>(-\1 : 0.005 I I I I I I
0.08 | 0.5 1 1.5 2 2.5 3 3.5 4
0.06 pt (GeV)
0041 L ideal hydro i
0.02 “viscous hydro without corrections -+ 1
0 8 viscous hydro with corrections ------
0.5 1 1.5 2 2.5 3 3.5 4
pt (GeV) -
M. Dion et al., PRC 2011 T

Charles Gale ww
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SHEAR VISCOSITY AND PHOTON V2

The net elliptic flow 1s a
weighted average. A larger QGP

0.035 yield will yield a smaller vo.
0.03 - Same story - mutatis mutandis -
for the HG
0.025 r .
The turnover at pr= 2 GeV 1s
0.02 .
QGP-driven (¥)
0015 The net effect of viscous
0.01 . corrections makes the photon
| ideal hydro . . .
0005 |, Viscous hydro with corrections ------ elliptic flow smaller, as 1t does
05 1 15 2 25 3 35 for hadrons
pt (GeV)
17
e M. Dion et al., PRC 2011 ey

Hedn.g
ey
@ 1 i

Charles Gale e
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LOOKING UNDER THE HOOD: NON-EQUILIBRIUM EFFECTS

w EXP.

" data
~ - compare

Chun Shen (OSU) 18

Charles Gale e
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LOOKING UNDER THE HOOD: NON-EQUILIBRIUM EFFECTS

1.5

| (@)
0.5 f :

= 0 [ e T T R
E Ol IEE
= 05F
£ - . _xx
:. : j~ nyy -----------
=4 -15 ‘E I!! TCZZ -----------
-2 1" i/ Y
25 i/ e p—
Y’
_3 1 1 ] |
0 2 4 6 8 10
T-T (fm/c)
025 T >250 MeV mmm
= 140 MeV < T <200 MeV mmmm |
o 02} p, =2 GeV
8
S 015+
e
S
S 01 ¢
e
0.05 |
0 ‘ | -
-4 2 0 2 4 6

.
..... -

m™¥m (1/fm)

fraction of cells

1.5
b
| (b)
05 ¢
O b e —
-0.5 S
1k
15 | o
20 i —
25 ¥ R e
; n Y+
0 2 4 6 8 10
T-T (fm/c)
0.14 + T>250MeV -
140 MeV < T <200 MeV mmm
0.12 - i
p, =3GeV
0.1 | i
0.08 - .
0.06 + .
0.04 + .
0.02 + i
0 ‘ ‘

19
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INITIAL STATE FLUCTUATIONS: A PARADIGM SHIFT IN
HEAVY ION ANALYSES

Lum[mj
MUSIC

1=0.4 fm/c
600

500
400

300

y [fm]

200

100

-10 -5 0 5 10

| gy

—_—
itk

s“’i‘v
— E

e [fm™]

12

0| —o6— STAR 0-5% central
8t

6

4 L

2 L

0

o5 | T ideal, avg 10-20% central

ideal, e-b-e
20 || o 10/520.08, e-b-e
' 1/s=0.16, e-b-e

h*" vy [%]
o

y [fm]

-10 -5 0 5
X [fm]

y [fm]

h*" vy [%]

ideal, e-b-e 0-5% central
P o p— 1/s=0.08, e-b-e
15 k| “»# n/s=0.16, e-b-e

10-20% central

U3 prediction

-10 -5 0 5 10
X [fm]

Schenkee, Jeon, Grale, PRL (2011) 20
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INITIAL STATE FLUCTUATIONS: A PARADIGM SHIFT IN
HEAVY ION ANALYSES

Lum[mj
MUSIC

1=0.4 fm/c
600

500
400

300

y [fm]

200

100

| gy

—_—
itk

s“’i‘v
— E

e [fm™]

12

0| —o6— STAR 0-5% central
8t

6

4 L

2 L

0

o5 | T ideal, avg 10-20% central

ideal, e-b-e
20 || o 10/520.08, e-b-e
' 1/s=0.16, e-b-e

h*" vy [%]
o

y [fm]

-10 -5 0 5
X [fm]

y [fm]

h*" vy [%]

ideal, e-b-e 0-5% central
P o p— 1/s=0.08, e-b-e
15 k| “»# n/s=0.16, e-b-e

10-20% central

U3 prediction

-10 -5 0 5 10
X [fm]

Schenkee, Jeon, Grale, PRL (2011) 20

Charles Gale w«
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INITIAL STATE FLUCTUATIONS: MC GLAUBER
INITIALIZATION

Sample the nucleon locations from the nuclear density
profile (with or without the shell effect deformations)

Identify the colliding partners (d <./o,, /7 )

Having identified the wounded nucleons, ascribe an
energy distribution at each site, with a Gaussian
width O, .

t=0.4 fm/c 1=6.0 fm/c, ideal t=6.0 fm/c, n/s=0.16

»r—. S r p
et |
. STy Charles Gale =
. a0
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MOVING INTO THE “CHARACTERIZATION” PHASE...

n=2 n=3 n=4 n=3>
03 I I T T T 03 I I T T T
V5 20-30% — V5 20-30% —
| V3 20-30% — _ | V3 20-30% — _ )
0.25 Vo 20-30% n/s=0 0.25 Vo 20-30% n/s=0.08
vg 20-30% - -- Vg 20-30% - --
0.2 F|PHENIX v, e~ . 0.2 | PHENIX v, ren
PHENIX vg ~ae o P PHENIX vg ~am
< 0.15 | |PHENIX v, += -~ 0.15 t|PHENIX v, +=~ §
o -7 L.
0.1 /// g “‘_,g' - 0.1 ;///;/ i
~ a L o ol o L - i
0.05 o 87 _ 0.05 0T |
O 1 1 1 O -------- L L
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 25 3
GeV pr [GeV]
0.3 . _ PriGeVl . 1.4 . . . .
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MOVING INTO THE “CHARACTERIZATION” PHASE...

n=2 n=3 n=4 n=3>
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THE EFFECT OF FIC ON THE THERMAL PHOTON

SPECTRUM
100 3 | | | | | | |
FIC
averaged intial conditions =------- ] .
ec it conct | OFIC produces higher
10! b 1 1nitial T (hot spots),
_ 1 and higher maitial
N i
7 0tk * ;| gradients
- B\ | OFIC conditions are
=
Zwe TN i demanded by
- QGP Photons O\ i  hadronic data (voda)
e These lead to a
S harder spectrum, as
-5 1 1 1 1 1 1 1 -
10 0 0.5 1 1.5 2 2.5 3 35 4 fOr hadrons
pr (GeV)
Dion et al., PRC (2011)
Chatterjee et al., PRC (2011)
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ALL TOGETHER: FIC + VISCOSITY

Combined with viscous
corrections, FIC yield an
enhancement by =5 @ 4 GeV,
and =2 @ 2 GeV

Temperature estimated by
slopes can vary considerably

A combination of hot spots
and blue shift hardens
spectra

Once pQCD photons are
included: only modest
changes
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ALL TOGETHER: FIC + VISCOSITY

Combined with viscous

corrections, FIC yield an
enhancement by =5 @ 4 GeV,

10" ¢ ' ' ' ! ' ! ! E
Alcws=0 — 1 and =2 @ 2 GeV
10° AIC, n/s =1/4n R .
— Temperature estimated by
. 10 .
?‘5 N slopes can vary considerably
= 107 ¢ : :
£ ol A combination of hot spots
Z and blue shift hardens
107 ¢
= 5 spectra
107 ¢ (@) Net spectrum
N Once pQCD photons are
o5 1 15 2 25 3 35 4 Included: only modest
GeV
pr (Ge¥) changes
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FICS AND THERMAL PHOTON V2

0.0045

0.004 | FICs enhance v21n this

0.0035 .

0003 | centrality class (0-20%), as for
0.0025 | hadrons

S 0.002

0.0015 |-/ For hadrons measured 1n

0001 /- . .

0.0005 /,f’f AIC,n)/s=0 —— | eVQIltS belonglng tO large

o QGP ACW T T 4 centrality, FICs will decrease
-0.0005 + : : : : : :
0.5 1 1.5 2 2.5 3 3.5 4 Vz
pt (GeV)

HG elliptic flow 1s much larger
) . than QGP elliptic flow, but
0.14 | "1 remember net v2 1s a weighted
average

0.12 r
0.1 r
0.08 |
0.06 |

0041 By ‘t:"‘/f AIC,n/s=0 —

0.02 F..oo AIC, /s = 1/4x --mmm- |

— HG FIC -
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0.035

FICS AND THERMAL PHOTON V2

(b)
0.03

0.025
0.02
0.015 r

R ‘
K &4
0.01 - f
. K 4
b i’
s,

Net vo

AIC,n/s=1/4nt ------ i
FIC v

0.005

'TAgr

g) 4
e
;o . 'g‘.:"£‘
- 1 )

1.5

2

2.5

pt (GeV)

3 3.5

4

FICs enhance vo1n this
centrality class (0-20%), as for
hadrons

For hadrons measured in
events belonging to large
centrality, FICs will decrease
\&

HG elliptic flow 1s much larger
than QGP elliptic flow, but

remember net v2 1s a weighted
average

Net v21s comparable in size to
that with 1ideal medium.
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PHOTON V2 DATA?

02 | | | | | | |
PHENIX data —@— »
018 k v, for QGP, ideal hydro, IC — .~ i
' v, for HG, ideal hydro, FIC -=--eeee 7
016 L thermal sum, ideal hydro, FIC ====- .~ i
o4+ T i
0.12 | { '''''' i
= 00 { g } ) _
oos - -
""" O $
0.06 | { .
004 F 7 _
002 | oo™ e -
0 ;— ] ] ] ] ] ]
0.5 1 1.5 2 2.5 3 3.5 4

ONew data 1s higher than calculation, even with e-b-e
initial state fluctuations, and ideal hydro

O0Size comparable with HG v2
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PHOTON V2 DATA?

0.2 | | | | | | |
PHENIX data —@— »
018 k v, for QGP, ideal hydro, IC — .~ i
: v, for HG, ideal hydro, FIC -=--eeee 7
016 L thermal sum, ideal hydro, FIC ====- .~ ]
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=01 { g } ] _
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o
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004 F 7 i
002 | oo™ e i
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0.5 1 1.5 2 2.5 3 35 4

ONew data 1s higher than calculation, even with e-b-e
initial state fluctuations, and 1deal hydro

O0Size comparable with HG v2
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CAN THE DATA TEACH US ABOUT DYNAMICS?

10 FTW
E\
1 0 20% Au Au PHENIX Iy|<0 35
o 10 — — Hadron Gas E
S 10_%.__ . —. QGP (T0=350MeV) %
8 ”’ — - - pQCD param. 1
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% i
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o r — — Hadron Gas
'> 10_1; . —. QGP (T0=350MeV) %
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-3
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% i
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010 ; . .
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’ ]
”
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0-20%

20-40%

van Hees, Rapp, Gale PRC (2011)

Charles Gale
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SOME FACTS AND SOME LEADS

FICs are here to stay. The meaning of “initial
temperature” 1s altered.

Need to explore hydro initialization and parameters. This
requires consistency with the hadronic data.

Making the QGP signal larger will decrease the vo.
Including the T=0 photons, will decrease vo.

Non-zero 1nitial shear tensor? Primordial flow?

28
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WHAT ABOUT DILEPTONS?
THERMAL DILEPTON SPECTRUM, AND ELLIPTIC FLOW

£ —
S ¢ n°n Dalitz-decays
%g
4 E .
J dpcos29 szd;l dep dg
v,(M ,p;,b)= d N — : :
J ?am “dy p,dp,d¢ "
E DreII—Yané
Chatter jee, Srivastava, Heinz, Gale, PRC (2007) 3 Low- Intermediate- High-Mass Region 3
OE123435

mass [GeV/c?]

Additional degree of freedom: M and pr may be varied
independently
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THERMAL DILEPTON SOURCES, QGP

HTL at finite momentum:

T T ] T ] T
10'12 L P =4 GeV - 1-loop, no HTL E
g T=0.3 GeV — — pole-pole, I+q =y ]
I — - cut-pole
I3 F e NS - — - pole-pole, 1+q, —>Y
10 "¢ : — sum
K ,\ TS - =+ Thoma-Traxler
P AN
10 F T<
SR N
A5 L N
107F N ~
i \\ N
10-16 N S
04 08 1.2 1.6 2 24 28 32 36 4

M (GeV)

Non-perturbative estimate:

." No single calculation
covers the entire
dilepton kinematical
phase space

I

o)

" |
o
s S
7 e

1e-05 :
1e-06 |
1e-07
1e-08 -
1e-09 |
1e-10}
le-11}

1e-12 1

dN+/do d°p

BW-continuum: ®y/T=0, A,/T=0
0y/T=1.5, A,/T=0.5
HTL
Born

i

0

Turbide, Gale, Srivastava, Fries PRC (2006)

Ding et al.,, PRD (2011)

30

Charles Gale e

Saturday, 8 September, 12




THERMAL DILEPTON SOURCES, QGP

HTL at finite momentum:

T T ] T ] T
10'12 L P =4 GeV - 1-loop, no HTL E
g T=0.3 GeV — — pole-pole, I+q =y ]
I — - cut-pole
I3 F e NS - — - pole-pole, 1+q, —>Y
10 "¢ : — sum
K ,\ TS - =+ Thoma-Traxler
P AN
10 F T<
SR N
A5 h
107F N ~
i \\ N
10-16 N S
04 08 1.2 1.6 2 24 28 32 36 4

M (GeV)

Non-perturbative estimate:

." No single calculation
covers the entire
dilepton kinematical
phase space

I .
"'

“""-M |
"

3“":“ o
v, Mg “h
3 i A \Jbo.f

1e-05 :
1e-06 |
1e-07
1e-08 -
1e-09 |
1e-10}
le-11}

1e-12 1

dN+/do d°p

BW-continuum: ®y/T=0, A,/T=0
0y/T=1.5, A,/T=0.5
HTL
Born

i

0

Turbide, Gale, Srivastava, Fries PRC (2006)

Ding et al.,, PRD (2011)
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THERMAL DILEPTON SOURCES, HG

HG contribution: calculate the in-medium vector
spectral density

Many-Body approach with hadronic effective Lagrangians
Rapp and Wambach, ANP (2000)

Empirical evaluation of the vector mesons forward-
scattering amplitudes

d’k Js

S
any O

I1,,(E.p)=—47 | 5 (s)

E. Shuryak, NPA (1991)
Eletsky, Ioffe, Kapusta (1999)
Vujanovic, Gale (2009)

Chiral Reduction formulae
Yamagishi, Zahed (1996)
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DILEPTONS, THE STORY AS OF A FEW MONTHS AGO
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2 wGevic) 0 02 04 08 08 1 12 14
M [GeV]
van Hees, Rapp (2010) Dusling, Zahed (2009)
10" min. bias Au+Au, s =200 GeV
i HSD: .
L —— free spectral functions 1
collisional broadening

—— dropp. mass + coll. broad.

1/N_, dN/AM [14GeVic))]
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‘ Bratkovskaya, Cassing,
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‘ Linnyk (2012)
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DILEPTONS, THE STORY AS OF A FEW MONTHS AGO
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THERMAL DILEPTON SPECTRA: VISCOSITY?

001 % T T T T T | T | T

e Transition from HG-

0.001 =735 S - = = Viscous HG with viscous corrections
- .

S N .= Ideal QGP s .
0.0001.%— ~\\\ _ ;%}fﬁ?fgggthw cccccccccc tions ?; domlnated tO QGP'

'~ —— Viscous HG + QGP with viscous corrections

_4)

dominated

le-05
le-06 E

Charm not included here

1e-07 |-

Effects of viscous

corrections are modest
Dusling & Lin, NPA (2008)

(1/2m) AN/(AM” p_. dp,. dy) (GeV

1e-08 E
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THERMAL DILEPTON V2 WITH VISCOUS EFFECTS

0.4
035__ {?iilc)llstHGwithviscouscorrections _________ __ LOW M: HG-dominated
: - — - Ideal QGP
~ |- =+ Viscous QGP with viscous corrections N . .
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dN/dM (c?/GeV)

Data/Cocktail

DILEPTONS, SOME

RECENT RESULTS

' | | 0.1
STAR Preliminary Au+Au 200 GeV Central |
p$>0.2 GeV/c, nfl<1 | 0.01k
_______ T,nn oo <
J/y, ' bb, DY B %
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le-05k|" = Charmed Hadrons with Langevin dynamics (0-10%) I S
- = Charmed Hadrons rescaled from p+p (0-10%) S
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+ STAR data
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= 3 y — Viscous HG+QGP (0-10%)
Mass(e+e') (GGV/CZ) == Viscous HG+QGP+Charm w/ Langevin (0-10%)
== Viscous HG+QGP+Charm rescaled from p+p (0-10%)
. 0.015F |+ = Charm w/ Langevin (0-10%) -
Uses MUSIC, and rates compatible
with NAG60O data
IMR: sensitive to charm energy loss [ 4.0
Clint Young et al., arXiv:1111.0647

IMR: Thermal effects?
L1 and Gale, PRL (1998)
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DILEPTONS, SOME RECENT RESULTS
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IMR: Thermal effects?
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CONCLUSIONS

* The status of EM rates and their integration in
dynamical models is still in flux

* Photon v: is sensitive to the EOS, and to various
hydro parameters such as viscosity, and initial
conditions (time and FICs). Current vz data is a
puzzle. New physics?

* Dilepton vz with good statistics is needed to
complete the EM emission systematics. STAR &
PHENIX?

* FICs and viscosity(ies) make a difference in photon
and dilepton characterization: one must be
consistent with hadronic data

* Known unknowns: pre-equilibrium radiation,
thermal vs. charm components in the dilepton IMR
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PHYSICAL REVIEW C VOLUME 35, NUMBER 5 MAY 1987

Heavy-ion collision theory with momentum-dependent interactions

C. Gale
Physics Department, University of Minnesota, Minneapolis, Minnesota 55455

G. Bertsch
Physics Department and Cyclotron Laboratory, Michigan State University, East Lansing, Michigan 48824

S. Das Gupta
Department of Physics, McGill University, Montreal, Quebec, Canada
(Received 29 October 1986)

We examine the influence of momentum-dependent interactions on the momentum flow in 400
MeV /nucleon heavy ion collisions. Choosing the strength of the momentum dependence to produce
an effective mass m*=0.7m at the Fermi surface, we find that the characteristics of a stiff equa-
tion of state can be obtained with a much softer compressibility.
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PHYSICS REPORTS (Review Section of Physics Letters) 160, No. 4 (1988) 189-233. North-Holland, Amsterdam

A GUIDE TO MICROSCOPIC MODELS FOR
INTERMEDIATE ENERGY HEAVY ION COLLISIONS

G.F. BERTSCH
Cyclotron Laboratory and Physics Department, Michigan State University, East Lansing, MI 48824, U.S. A.

and

S. DAS GUPTA
Physics Department, McGill University, Montreal, Quebec, Canada H3A 2T8

Received September 1987
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VOLUME 35, NUMBER 14 PHYSICAL REVIEW LETTERS 6 OCTOBER 1975

Relativistic Hydrodynamic Theory of Heavy-lon Collisions*

A. A, Amsden, G. F. Bertsch,T F. H. Harlow, and J. R, Nix

Theoretical Division, Los Alamos Scientific Labovatory, University of California, Los Alamos, New Mexico 87544

e A
LT

o oty |
P - e

(Received 11 June 1975)

By use of finite~-difference methods we solve the classical relativistic equations of mo-
tion for the head-on collision of two heavy nuclei, For %0 projectiles incident onto vari-
ous targets at laboratory bombarding energies per nucleon =2,1 GeV, curved shock
waves develop., The target and projectile are deformed and compressed into crescents
of revolution, This is followed by rarefaction waves and an overall expansion of the mat-
ter into a moderately wide distribution of angles,
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